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Field of the Invention 

The present invention relates to pre-amplifiers, and more particularly, this invention 
relates to improving pre-amplifier circuit design for magneto-resistive (MR) head sensors. 

Background of the Invention 

Magnetic storage systems store information by magnetizing bit positions on tracks 
located on a surface of a magnetic media, e.g. a magnetic disk. An actuator arm supports 
and maintains a Magneto-Resistive (MR) head close to the magnetic disk surface to 
perform the read and write operations on the disk surface. As the magnetic disk is moved 
past the MR head, the variations in the magnetic flux passing through the MR head result 
in changes in the electrical resistance of the MR head. 

An MR head is biased with a constant electrical current so that a voltage is 
present across the MR head. A preamplifier is then used to detect changes in the voltage 
across the MR head caused by the variations in the electrical resistance of the MR head. 
Changes in the voltage across the MR head are used to extract the data stored on the 
magnetic disk surface. 

Recently, such MR heads have been used in drastically smaller disk drives. In 
such environment, the foregoing preamplifiers must have low power requirements and 
exhibit low intrinsic noise, while providing high-bandwidth operation. This is 
conventionally accomplished by using large field effect transistors (FETs). 
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Unfortunately, such arrangements exhibit high capacitance which in turn results in a lack 
of sufficient bandwidth. 

Moreover, prior art preamplifier applications are often subject to high levels of 
low-frequency extrinsic noise resulting from the circuit environment, i.e. hardware, 
moving head, etc., that is common in many applications of smaller disk drives. 
Unfortunately, the prior art FETs fail to sufficiently filter such low-frequency extrinsic 
noise. 

There is thus a need for a preamplifier design that exhibits low intrinsic noise and 
sufficiently filters extrinsic low-frequency noise, while providing high-bandwidth 
operation. 
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Disclosure of the Invention 



A preamplifier system is provided for use with a magneto-resistive (MR) sensor. 
Included is an alternating current (AC) coupling module connected to the MR sensor for 
blocking a direct current (DC) voltage associated with an input signal, and filtering low 
frequency noise associated with the input signal. Also provided is a gain stage module 
coupled to the AC coupling module. The gain stage module includes a plurality of 
cascode field effect transistors (FETs) configured for amplifying the input signal, while 
reducing intrinsic noise and increasing operational bandwidth. Coupled to the gain stage 
module is a control circuit for feeding back an output of the gain stage module for bias 
regulation and disturbance rejection. 

The present embodiment solves the noise, bandwidth and disturbance rejection 
problems with prior art preamplifier designs for low-power disk drive products, and other 
small-scale applications. The present circuit structure and method includes two frequency 
compensated and regulated controls for minimizing flicker noise and thermal noise, while 
enhancing disk drive data operating bandwidth and providing preamplifier gain stability 
and an optimal low frequency disturbance rejection capability. 
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Brief Description of the Drawings 

For a fuller understanding of the nature and advantages of the present invention, as 
well as the preferred mode of use, reference should be made to the following detailed 
description read in conjunction with the accompanying drawings. 

FIG. 1 illustrates a preamplifier system adapted for use with a magneto-resistive 
(MR) sensor in small-scale disk drive applications. 

FIG. 2 illustrates an exemplary preamplifier circuit system that is adapted for 
carrying out the function of each of the various modules of FIG. 1, in accordance with 
one embodiment. 

FIG. 2A shows a bandwidth improvement of the MR pre-amplifier from 460MHz 
to 950MHz for 5V operation. 

FIG. 2B illustrates a Bode plot of the low frequency disturbance rejection and the 
closed-loop transfer functions which indicate the optimized low frequency disturbance 
rejection for frequencies below the cross point. 

FIG. 3 is a perspective drawing of a magnetic recording disk drive system in 
accordance with one embodiment of the present invention. 
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Best Mode for Carrying out the Invention 

The following description is the best embodiment presently contemplated for 
carrying out the present invention. This description is made for the purpose of illustrating 
the general principles of the present invention and is not meant to limit the inventive 
concepts claimed herein. 

FIG. 1 illustrates a preamplifier system 100 adapted for use with a magneto- 
resistive (MR) sensor in small-scale disk drive applications. It should be noted, however, 
that the present preamplifier system 100 may be used in any other desired application, per 
the desires of the user. 

As shown in FIG. 1, included is an alternating current (AC) coupling module 102 
connected to the MR sensor for blocking a direct current (DC) voltage associated with an 
input signal generated by the MR sensor. It should be noted that such input signal may 
result from perturbations in the DC voltage applied at the MR sensor. Such perturbations 
are in turn caused by use of the MR sensor in conjunction with a disk drive system. An 
exemplary disk drive system will be set forth hereinafter in greater detail during reference 
to FIG. 3. During use, the AC coupling module 102 further filters low frequency 
extrinsic noise associated with the input signal. 

Also provided is a gain stage module 104 coupled to the AC coupling module 
102. The gain stage module 104 includes a plurality of cascode field effect transistors 
(FETs) configured in a manner that will soon be set forth for amplifying the input signal. 
The size and configuration of the cascode FETs are preferably selected to minimize low 
frequency noise, while enhancing the operational bandwidth. 
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Coupled to the gain stage module 104 is a control circuit 106 for feeding back an 
output of the gain stage module 104 for bias regulation and disturbance rejection, in a 
manner that will soon become apparent. 

FIG. 2 illustrates an exemplary preamplifier circuit system 200 that is adapted for 
carrying out the function of each of the various modules of FIG. 1, in accordance with 
one embodiment. Of course, varying network configurations may be employed per the 
desires of the user to carry out similar functionality. 

As shown in FIG. 2, a magneto-resistive (MR) sensor is included with a first 
terminal coupled to ground and a second terminal. A plurality of cascode transistors is 
also included. For example, a first transistor Ml is provided with a source terminal 
coupled to ground, a gate terminal coupled to a first node Nl, and a drain terminal. 

In use, the present preamplifier is capable of low-power operation. This is 
accomplished by operating at low voltages. In one embodiment, the power source of the 
present preamplifier may include a 3 V power source, a 2.7V power source, or less. For 
minimizing low frequency noise, the present first transistor Ml may include a field effect 
transistor (FET) with a dimension ratio (width/length) having a value of at least 4000. 
Moreover, the following transistors may include similar specifications to optimize 
operation of the present amplifier. 

A second transistor M2 is provided including a source terminal coupled to the 
drain terminal of the first transistor Ml, a gate terminal coupled to a second node N2, and 
a drain terminal coupled to a first output Ol. A third transistor M3 includes a source 
terminal coupled to the drain terminal of the second transistor M2, a gate terminal and a 
drain terminal coupled to the power source. Further provided is a fourth transistor M4 
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including a source terminal coupled to ground, a gate terminal coupled to the drain 
terminal of the first transistor Ml, and a drain terminal coupled to the second node N2. 
Also provided is a fifth transistor M5 including a source terminal coupled to the power 
source, a gate terminal, and a drain terminal coupled to the second node N2. As will soon 
become apparent, the foregoing transistors constitute components of the gain stage 
module 104 of FIG. 1. In use, the gate terminal of the fifth transistor M5 maybe 
manipulated to control a bias of the gain stage module 104. 

Also included is a sixth transistor M6 including a source terminal coupled to the 
power source, a gate terminal, and a drain terminal coupled to a third node N3. Yet 
another transistor, a seventh transistor M7, is provided including a source terminal 
coupled to the power source, a gate terminal, and a drain terminal coupled to the second 
terminal of the MR sensor. In use, the gate terminal of the seventh transistor M7 may be 
manipulated to control an amount of DC voltage applied to the MR sensor. 

The final transistors define a reference circuit associated with the control circuit 
106. Provided is an eighth transistor M8 including a source terminal, a gate terminal, and 
a drain terminal coupled to a second output 02. In use, the gate and drain terminal of the 
eighth transistor M8 may be manipulated to control the output DC level. Finally, a ninth 
transistor M9 is provided including a source terminal coupled to the second output 02, a 
gate terminal coupled to the power source, and a drain terminal coupled to the power 
source. 

The control circuit 106 further includes an operational transductance amplifier 
OAT1 with a first input coupled to the first output Ol. A second input of the operational 
transductance amplifier OAT1 is coupled to the second output 02. The operational 
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transductance amplifier OAT1 further includes an output coupled to the gate terminal of 
the sixth transistor M6. In use, the operational transductance amplifier OAT1 amplifiers 
a difference between the first and second output Ol & 02 for feeding back the same to 
the gate terminal of the sixth transistor M6 for control purposes. 
5 Further included is a plurality of current sources. Provided is a first current 

source, a low-noise reference current source II, with a first terminal coupled to the source 
terminal of the eighth transistor M8 and a second terminal coupled to ground. Associated 
therewith is a low-noise second current source 12 including a first terminal coupled to the 
power source and a second terminal coupled to the gate terminal of the fourth transistor 

1 0 M4, and the drain terminal of the first transistor Ml . 

A first capacitor CI is provided including a first terminal coupled to the power 
source and a second terminal coupled to the gate terminal of the sixth transistor M6. 
Also included is a second capacitor C2 including a first terminal coupled to the second 
node N2 and a second terminal coupled to ground. A third capacitor C3 includes a first 

1 5 terminal coupled to the first node Nl and a second terminal coupled to the second 
terminal of the MR sensor. 

Two resistors are included. First included is a first resistor Rl equipped with a 
first terminal coupled to the third node N3 and a second terminal coupled to the first node 
Nl. Also provided is a second resistor R2 including a first terminal coupled to the third 

20 node N3 and a second terminal coupled to ground. 

A single-ended, voltage-sensing preamplifier circuit is thus provided with a high 
input impendence and AC coupled complimentary-metal-oxide-semiconductor (CMOS) 
FET gain stage module 104. In one embodiment, the regulated cascode gain stage module 
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104 may be defined by the first transistor Ml, the second transistor M2, the third 
transistor M3, the fourth transistor M4, the fifth transistor M5, and the second capacitor 
C2. The control circuit 106 may be designed for bias regulation and disturbance 
rejection. In one embodiment, the control circuit 106 maybe denned by the operational 
transconductance amplifier OTA1, the sixth transistor M6, the first capacitor CI, the first 
resistor Rl, the second resistor R2, and a reference circuit which is defined by the eighth 
transistor M8, the ninth transistor M9, and the first current source II. 

hi operation, the CMOS implementation of the present MR pre-amplifier provides 
numerous advantages for various applications including, but not limited to low-power 
micro and notebook disk drive designs which traditionally require low-noise, high- 
bandwidth, and optimal disturbance rejection requirements. 

Various parameters will now be addressed that are relevant to the operation of the 
above design, hi use, the "flicker noise" (i.e. 1/f, low frequency) of traditional CMOS 
devices is high and the corner frequency thereof often extends to the data operational 
frequency range. The most widely accepted model for such flicker noise is represented by 
Equation #1. 

Equation #1 
vn A 2= Kf*df7(Cox*W*L*f) 
where 
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vfh = flicker noise 
Kf = device constant 
df = noise bandwidth 
Cox = gate capacitance 
W = width of the gate 
L = length of the gate 
f = operating frequency 

As shown, such flicker noise (vfh) is inversely proportional to the gate 
capacitance (Cox) and the gate area (W*L) of the transistor. Enlarged FET devices can 
minimize flicker noise, but contain excess parasitic capacitance which limits operational 
bandwidth. 

A commonly used thermal noise model is set forth by Equation #2. 

Equation #2 
vtn A 2=4*K*T*(2/3)*df/Gm 
where 

vtn = thermal noise 
K = Boltzmann's constant 
T = absolute temperature of operation 
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Gm = transconductance 
df = noise bandwidth 



It should be noted that the transconductance (Gm) is proportional to both the bias 
current of the transistor and the width-to-length ratio (W/L) thereof. Using a higher bias 
current to reduce the thermal noise due to a higher transconductance (Gm) is not 
desirable for low-power applications. Moreover, any attempt to decrease the thermal 
noise by increasing the width (W) of the transistor will also lower the bandwidth 
undesirably. The stability of the gain stage module 104 and disturbance rejection 
capability of the preamplifier are critical for light-weight disk drive products due to the 
extreme low frequency instability and extended temperature specifications of mobile and 
hand-held applications. 

The cascode gain stage transistors of FIG. 2 provide a bandwidth advantage for 
low input impendence applications (this assumes no MR connection or voltage source 
input). This results from a cascode feedback effect, whereby the second transistor M2 
achieves a reduced Miller capacitance by maintaining a low voltage gain (A1=V 1/Vi) at 
the drain terminal of the first transistor Ml. In one embodiment, such small signal 
voltage gain may be less than one (1). 

As an option, the second transistor M2 may have the size of the first transistor Ml 
for obtaining unity gain (Al=l), so the bandwidth can be only dominated by the 
capacitance at the output. See Equation #3. 



Equation #3 
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Co = CI + Cgd2 



where 

Co = output capacitance 
CI = load capacitance 

Cgd2 = gate-drain capacitance of the second transistor M2 

It should be noted that the input of the gain stage module 104 is connected to the 
highly resistive MR head which may range between about 30-100 ohms. Moreover, the 
physical size of the first transistor Ml may be chosen to be large for minimizing the 
flicker noise and thermal noise. See Equations # 1 and # 2. The bandwidth is much 
reduced with this highly resistive MR input connection even with the unity gain (Al=l) 
Miller effect (matched M2). 

The dominate pole can be either determined with either Equation #4 or Equation 

#5. 

Equation #4 
Rh * ( Cgl + Cgdb + Cgdl ( 1+ Al*Cgdl)) 
where 
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Rh = MR sensor resistance 

Cgl = gate capacitances of the first transistor Ml 

Cgdb = gate-drain capacitance of the seventh transistor M7 

Cgdl = gate-drain capacitances of the first transistor Ml 

Al = gain 

Equation #5 
Rl*Co 

where 

Rl = load resistance 
Co = output capacitance 

Forming the first regulated loop with the fourth transistor M4 around the second 
transistor M2 by sensing the voltage at the drain terminal of the first transistor Ml 
greatly increases the cascode feedback effect, and minimizes the voltage gain (Al) to be 
much less than one. 

The loop gain is established by the fifth transistor M5 and third capacitor C3 
which serves as a frequency compensation capacitor. The reduced voltage gain factor at 
the drain of first transistor Ml is thus set forth in Equation #6. 
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Equation #6 



Gm4/(Go4 + Go5) 

where 

Gm4 = transconductance of the fourth transistor M4 
Go4 = channel conductance of the fourth transistor M4 
Go5 = channel conductance of the fifth transistor M5 

This factor allows for decreasing the size of the second transistor M2 
significantly. The regulated cascode structure with the fourth transistor M4 moves the 
poles at the input of the MR sensor and the signal output to higher frequency points, 
which results in much improved bandwidth. 

FIG. 2 A shows a bandwidth improvement 400 of the MR pre-amplifier from 
460MHz to 950MHz for 5V operation. It should be noted that such measurements were 
taken with .8um-length technology. The noise in the gain stage module 104 is dominated 
by the noise voltage source of the first transistor Ml. Without considering the thermal 
noise of the load and MR sensor resistance, the primary equivalent noise at the input can 
be approximated by Equation #7. 



Equation #7 
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veq A 2 = vnl A 2 + k2*vn2 A 2 + k4*vn4 A 2 + k4/Gm4 A 2*inl A 2 
where 

veq = equivalent noise 

vnl = noise contributed by the first transistor Ml 
vn2 = noise contributed by the second transistor M2 
vn4 = noise contributed by the fourth transistor M4 
k2 - Gol*(Go4+Go5)/(Gml*Gm3)) A 2 
k4= (Gol/Gml) A 2 

inl= noise current source of the first transistor Ml 
Gol = channel conductance of the first transistor Ml 
Gml = transconductance of the first transistor Ml 
Go4 = channel conductance of the fourth transistor M4 
Go5 = channel conductance of the fifth transistor M5 
Gm3 = transconductance of the third transistor M3 

The overall gain of the present preamplifier is provided by the transconductance 
of the first transistor Ml and the loading resistance of the third transistor M3, which is 
defined by Equation #8. 



Equation #8 
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where 



Gml/Gl 



Gml = transconductance of the first transistor Ml 

Gl = Gm3 (transconductance of the third transistor M3) 

The active resistive load at the third transistor M3 is used in conjunction with the 
regulated bias loop for gain stability and better thermal tracking. By selecting an 
adequate high gain setting as defined by Equation #8, an input equivalent noise (veq) of 
0.5 nV per square root Hz can be obtained in the middle data frequency band. 

The regulated bias current (output of the sixth transistor M6) provided by the 
second frequency compensated control loop stabilizes the transconductance of the first 
transistor Ml and the third transistor M3. It also provides gain stability and thermal 
tracking for the MR gain stage module 104 with the stabilized drain current. The 
regulated bias current further minimizes the transistor channel length modulation effect. 
The common mode voltage level of the gain stage module 104 is formed by the reference 
circuit of the eighth transistor M8, the ninth transistor M9 and the first current source IR. 

The differential voltage between the first and second output Ol & 02 is sensed 
and amplified for producing the bias control through the RC input network to the gate 
terminal of the first transistor Ml. The disturbance (error) rejection function of the 
control loop is established as set forth in Equation #9. 
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Equation #9 



Er(s) = l/(l+Gol(s)) = K(s-zl)(s-z2)/(s-pl)(s-p2) 
where 

Er(s) = disturbance (error) rejection 
Gol = open loop transfer function 
K = low frequency loop gain 
zl=0 

z2 = -C3 (Rl+R2 + Rh) 
pl=(C3*Rh+l/K) 
p2 > C3(R1+R2+Rh) 
Rh = MR sensor resistance 

FIG. 2B illustrates a Bode plot of the low frequency disturbance rejection and the 
closed-loop transfer functions which indicate the optimized low frequency disturbance 
rejection for frequencies below the cross point. The stabilized bias loop also reduces the 
current setting tolerance for the current injection scheme with the second current source 
12 for reducing additional noise at the first transistor Ml. 

Referring now to FIG. 3, there is shown a disk drive 300 embodying the present 
invention. The following description of a magnetic disk storage system, and the 
accompanying illustration of FIG. 3 are for representation purposes only. It should be 
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apparent that disk storage systems may contain a large number of disks and actuators, and 
each actuator may support a number of sliders. 

As shown in FIG. 3, at least one rotatable magnetic disk 312 is supported on a 
spindle 314 and rotated by a disk drive motor 318. The magnetic recording media on each 
disk is in the form of an annular pattern of concentric data tracks (not shown) on disk 
312. 

At least one slider 313 is positioned on the disk 312, each slider 313 supporting 
one or more magnetic read/write heads 321. More information regarding such heads 321 
will be set forth hereinafter during reference to FIG. 4. As the disks rotate, slider 313 is 
moved radially in and out over disk surface 322 so that heads 321 may access different 
portions of the disk where desired data are recorded. Each slider 313 is attached to an 
actuator arm 319 by way of a suspension 315. The suspension 315 provides a slight 
spring force which biases slider 313 against the disk surface 322. Each actuator arm 319 
is attached to an actuator 327. The actuator 327 as shown in FIG. 3 maybe a voice coil 
motor (VCM). The VCM comprises a coil movable within a fixed magnetic field, the 
direction and speed of the coil movements being controlled by the motor current signals 
supplied by controller 329. 

During operation of the disk storage system, the rotation of disk 312 generates an 
air bearing between slider 313 and disk surface 322 which exerts an upward force or lift 
on the slider. The air bearing thus counter-balances the slight spring force of suspension 
315 and supports slider 313 off and slightly above the disk surface by a small, 
substantially constant spacing during normal operation. 
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The various components of the disk storage system are controlled in operation by 
control signals generated by control unit 329, such as access control signals and internal 
clock signals. Typically, control unit 329 comprises logic control circuits, storage and a 
microprocessor. The control unit 329 generates control signals to control various system 
5 operations such as drive motor control signals on line 323 and head position and seek 
control signals on line 328. The control signals on line 328 provide the desired current 
profiles to optimally move and position slider 313 to the desired data track on disk 312. 
Read and write signals are communicated to and from read/write heads 321 by way of 
recording channel 325. It is in this channel 325 that the present preamplifier may be 

1 0 positioned in one embodiment. 

While various embodiments have been described above, it should be understood 
that they have been presented by way of example only, and not limitation. Thus, the 
breadth and scope of a preferred embodiment should not be limited by any of the above- 
described exemplary embodiments, but should be defined only in accordance with the 

1 5 following claims and their equivalents. 
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